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1. General introduction       
                                 
1.1  Backgrounds of microalgae 
1.1.1 Biological interests in microalgae 
Microalgae are one of the species of plant cell, which are phylogenetically 
classified. There are variety kinds of spices, biologically classified to from eubacteria, 
such as cyanobacteria, to eukaryotes. Most of microalgae are belong to eukaryotes, such 
as Chlorophyceae (e. g. Volvox, Scenedesmus, and Chlamydomonas), Xanthophyceae (e. 
g. Ochromonas, Tribonema, and Botryocccus), Bacillariophyceae(e.g. Diatoms), 
Euglenophyceae (e. g. Euglena), Dinophyceae (e. g. Peridinium), Prymnesiophyceae 
(e.g. Coccolithales), and so on [1, 2]. Most of them are single cell organisms or forming 
connected appearance, colony. They carried out photosynthesize with generating oxygen 
[3, 4]. A chemical formula of “6CO2 + 12H2O → C6H12O6 + 6H2O + 6O2” is main reaction 
of photosynthesis in microalgae to obtain glucose [5]. Microalgae also are attracting 
interest in a view of biological evolution. It is said that they have history of 3 billion 
years [6, 7]. Large outbreak of cyanobacteria in approximately 2.6~2.7 billion years ago 
provide oxygen gas by their photosynthesis [8, 9]. And in ecosystem of hydrosphere 
organisms in ocean or freshwater, microalgae are classified as generator [10]. It has 
been said that those factors are very important for biodiversity. Additionally, in the view 
of today’s industry, microalgae are contributing. There is a hypothesis that fossil fuel 
are generated from denaturation of organic matters synthesized by microalgae by 
geothermal power. It were reported that gas by pyrolysis of liquid state hydrocarbons 
generated by microalgae, Coccolithales, were similar to the components of fossil fuel [11, 
12]. Iron oxide we utilizing are also accumulated in 2.6 billion years ago by synthesis of 
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iron ion in atmosphere and oxygen gas which is exposed from microalgae of large 
amounts of cyanobacteria [13].  
Recently, some microalgae are attracting a lot of interest as a synthesizer of 
bio-fuel [14-17]. They are various species, living in both freshwater and marine ocean (S. 
M. Adl, et. al. 2005) [9]. Most of them activate photosynthesis for obtain energy such as 
hydrocarbon. Studies of microalgae have been accelerated in recent years, because 
amount of production volume of bio-fuel per an area from microalgae is much higher 
than other crops such as corns or rapeseeds as shown in Table. 1.1 (Y. Chist 2007) [18]. 
Many researchers try investigating and generically treat to improve metabolic pathway 
of bio fuel and discovering new efficient species. 
 
 
Table 1.1. Comparison of some kinds of bio-fuels yields per hectare, rewritten by 
referring [18]. 
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1.1.2 Microcrystals equipped on surface of microalgae 
Some microalgae, which generate bio-fuel by photosynthesis metabolisms, also 
have microcrystals on their cell surface. These microcrystals or their complex materials are 
synthesized or formed by processing of bio-mineralization. Bio-mineralization of microalgae is 
observed as outer shells which cover the cells. For example, Diatom and Haptophyta 
synthesize silicon dioxide (SiO2) frustule crystals and calcium carbonate (CaCO3) outer 
shell coccoliths, respectively [19-22]. Previous researches about coccoliths has a lot of 
interest. Fossils of outer shells of microalgae: Coccolithophore, Haptophyta, which is made of 
CaCO3, have an important role for identifying the ages of the stratums to know how much were the 
CO2 concentration at long ago. It have been discussed for a long time what is the reason 
microalgae equip these shell. Some functions related to circulation of ocean 
environment were investigated and reviewed [23]. Surfaces of diatom’s SiO2 frustules 
have a function to adsorb dissolved metal ion in ocean [24]. It was also revealed that 
Coccolithophores fabricate and equip the coccoliths. Some previous reports assumed 
that it has a function for stocking of carbon atoms [21, 22].  
Investigations about nano-structures of microalgae’s outer shell have been even more 
accelerated after method of micro fabrication of artificial photonic crystals were established by using 
semiconductor processing techniques [25-27]. SiO2 shell of diatom has 2-dimentional phortonic 
structure and it has photonic band gap, as shown in upper of Figure 1.1 [19, 20]. Holo-coccolith of 
Crystallolithus rigidus has a 3-dimentional grid structure, which works as a optical 
filter to specific wavelength, as shown in bottom of Figure 1.1 [28]. Even if we have 
actively learned this techniques of photonic crystals since 20-30 years ago, 
bio-organisms, such as diatoms, have been fabricating and utilizing it from hundreds of 
millions of years ago. So it could be considered that there is some causal relationship 
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between activity of photosynthesis microalgae and generation of their putamen 
microcrystals. According to these reports, investigations of optical characteristics of 
them are very attractive for how microalgae use incident light. And, it is also expected 
to apply to novel optical devices.  
 
 
 
 
 
Figure 1.1. Examples of microcrystals fabricated by bio-mineralization of microalgae. SiO2 outer shell 
(upper) by Diatom has a 2-dimentional photonic structure, which generates photonic band gap [19, 20]. 
And CaCO3 holo-coccolith by Crystallolithus rigidus has a 3-dimentional grid structure, which works 
as optical filter [28]. 
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1.1.3 Optical functions of microcrystals of microalgae 
On the other hand, there are some previous studies which reported that those 
biologically generated crystals have a function of optical devices such as micro lends or 
UV filter [28, 29]. From 2000s-, nano-structures of outer shell of microalgae have been attracting 
by their photonic characteristics, for example, SiO2 shell by diatoms, CaCO3 shell (Holo-coccolith) 
by Haptophyta and so on [19-22]. For example, silicate crystal, biologically mineralized by 
microalgae, diatoms, have structures which shapes are like artificially fabricated 
two-dimensional photonic crystal (Figure 1.1 – upper). Previous studies (S. Yamanaka, 
et. al. 2008 and L. De Stefano, et. al. 2009) reports electromagnetic propagations of this 
silicate crystal, called frustule [19, 20]. By these studies, it was revealed that 
nano-cyclic honeycomb structures of microalgae’s frustules have photonic band gap by 
analysis of plane wave expansion method (PWEM) and Finite Element Method (FEM). 
According to these reports, it was suggested that microcrystals equipped on cell surface 
of microalgae have some functional relationship with the optical propagation and 
photosynthesis activations. Calcite crystals of holo-coccolith of Crystallolithus rigidus, 
Haptophytas, has a 3-dimentional grid structur as shown in Figure 1.1 (bottom). It was 
reported that some kinds of these horo-coccoliths from Crystallolithus rigidus and 
Syracolithus catilliferus have optical filter function to prevent from ultra violet light (R. 
Q. Torres, et. al., 2007) [28]. These materials are commonly have nano-structures which 
are near optical wavelength size to express unique optical characteristics. Studies of 
Biological weighting functions of Haptophyte with UV irradiations (W. Guan and K. Gao, 
2010) revealed that photosynthesis were inhibited by UV irradiation because D1 protein 
of PSII was damaged [30]. Additionally, it was also reported that calcification, carbon 
fixing, was enhanced under the UV irradiated condition [31].  
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1.2 Research object and motivations 
1.2.1 Hetero-coccolith of Emiliania huxleyi 
Emiliania huxleyi (Figure 1.2) is one of the species of coccolithophore which is 
actively studied, because there is the hypothesis that fossil fuel is generated from large 
amount of primeval cells of this coccolithophore. Emiliania huxleyi is also drawing a lot 
of interests as a generator of Dimethyl Sulfite (DMS), which is known as an origin of 
crystal nuclei of cloud. So, it is considered that the growth rate of coccolithophore of 
Emiliania huxleyi in ocean is important to the climate condition. It also revealed that 
consumptions of dissolved CO2 to both coccolith calcification by bio-mineralization and 
O2 gas generation by photosynthesis are related to the intensity of light irradiance [32] 
(Figure 1.3(b)). 
Hetero-coccolith of Emiliania huxleyi is one of the most investigated outer shell 
of Coccolithophore, Haptophytas (Figure 1.2). In particular, hetero-coccoliths synthesized by 
Emiliania huxleyi are composed of 30-40 parts of calcium carbonate (CaCO3: calcite) 
crystals by biomineratization (J. R. Young, et. al. 1992, and M. E. Marsh 2003) [21, 20]. 
 
 
Figure 1.2. Optical microscopic image of microalgae of Emiliania Huxleyi (left) and SEM image of 
coccoliths(right). 
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According to past studies of fossil of coccoliths collected from stratums (R.E.M. 
Rickaby, et. al., 2007 and L. Beaufort, et. al. 2011), amount of coccolith calcification have 
a correlation with concentration of atmospheric carbon dioxide at that time [21, 34]. 
Since later of 1970s-, the large bloom like back scatterings of blue-white light, in ocean, were 
observed by using radar of artificial satellites. According to investigation and analysis of components 
of seawater sample harvested at this bloom area, it was revealed that the bloom was caused by 
calcite particles of large breaded Emiliania Huxleyi (Figure 1.3(a)). The intensity of back scatterings 
are helpful as an index of growth of Haptophyta [33, 34]. Therefore, microalgae of Emiliania 
huxleyi and their coccoliths are interested in the view of environmental field. 
Optical measurements of backscattering of Emiliania Huxleyi cells, which are 
with or without coccoliths, it was cleared that cells of Emiliania Huxleyi with coccoliths 
appeared stronger backscattering than that of sum amount of detached coccolith 
crystals (K. J. Voss, W. M. Balch and K. A. Kilpatrick 1998, & W. M. Balch, et. al., 1999) 
[35, 36]. Studies of Mie scatterings of coccoliths of Emiliania Huxleyi, by using 
numerical analysis of T-matrix methods with Amsterdam Discrete Dipole 
Approximation code (ADDA), were also reported (Peng-Wang Zhai, et. al., 2013, & M.A. 
Yurkin and A. G. Hoekstra, 2011) [37, 38]. However, there is no report which strictly 
investigated optical characteristics of light propagation with considering the 
parameters of such as incident angles, reflection angles and directivities to alignment of 
the crystal shape. Because it was too difficult to measure light scatterings of a 3 
m-diameter-disk of coccolith, which is floating in water suspension with appearing 
Brownian motion.  
 
 
 8 
 
 
 
Figure 1.3. Scematic image of bloom of Emiliania Huxleyi (a), and correlations of light irradiance with 
photosynthesis and coccolith calcification (b). 
 
 
Figure 1. 4 CO2 containing and fixation by coccolithophore, Emiliania cell, reported by Y. Shiraiwa, 
2003 [4]. 
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1.2.2 Motivation of this research 
 Emiliania huxleyi is one of the spices of Coccolithophore which have been 
researched for a long time. In case of Emiliania Huxleyi, optical characteristics of their 
coccoliths also have been studied. As mentioned in chapter 1.2.1, it is considered that 
investigation of optical characteristics of single coccolith light scattering is important to 
comprehend how affect the light scatterings or reflections on coccoliths to the cells 
inside of them. However, there were no reports which considered anisotropy of light 
reflecting direction. It was because of technical problems to measure light reflection of a 
micro particles like coccolith, with controlling the alignment of its orientation in the 
arbitrary configuration of incident angle of illumination and detecting angle to the disk 
plane of coccoliths.  
On the one hand, our laboratory, Iwasaka Lab in Research institute for 
Nano-device and Bio-Systems (RNBS) of Hiroshima University, have a technique to 
control the alignments of microcrystals which have anisotropic values of dia-magnetic 
susceptibility, in water suspension state. The quenching of light reflection of fish skin 
was discovered under the static magnetic field (M. Iwasaka in 2010 & M. Iwasaka, et. 
al., 2012) [39, 40]. Guanine crystals are abundantly contained in fish scale and known 
as an origin of light reflection on the fish skin. Previous studies achieved the uniaxial 
magnetic orientation of guanine microcrystals collected from fish skin (M. Iwasaka, et. 
al., 2013) [41]. By using this mechanisms, techniques for controlling the directivity of 
light scattering of the water suspension of them were established (M. Iwasaka and Y. 
Mizukawa 2013 & M. Iwasaka, Y. Mizukawa and Y. Miyashita 2014) [42, 43]. 
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So, this study aim to clear the function of light scattering of coccoliths with 
utilizing the techniques of diamagnetic alignment and optical measurement of guanine 
crystals. Due to applying magnetic fields to a suspension of isolated coccoliths, 
coccoliths floating in water aqueous will be aligned because it consist of calcite crystals 
which has diamagnetic anisotropic susceptibility. In particular, this study tried 
constructing the 90° scatterometer between the magnetic poles of electromagnet. I set 
the cardinal or premier purposes of this study as follows. 
 
● Investigate the magnetic orientation of coccoliths of Emiliania huxleyi and 
cleare the mechanisms to obtain the basic knowledge for measure the 
lightscattering of coccoliths which are magnetically controlled their 
alignments. 
 
● Detect the differences of the intensities of light scattering from coccolith in 
aqueous suspention with floating state between magnetic field are ON and 
OFF. 
 
● Consider and discuss how much incident light was through the coccolith like 
as a photo collector, or reflect by coccolith like as an optical filter. 
 
By comparing the difference of scattered light intensity between random- and uniaxial 
oriented state, I attempted to consider and make sure the specific configuration of 
incident and reflection angles to the coccolith plane, which is well- or less- enhance the 
light scatterings.  
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2. Principles of magnetic orientation and controlling of light 
reflection 
 
2.1 Basic principles of magnetics 
2.1.1 Magnetic properties and Magnetisms  
At first, various amounts about magnetic properties and magnetism values and 
units are shown in Table 2.1 [1]. Magnetic flux and magnetic flux density, described by “B” or “”, 
are values which show vector with how strong or many the magnetic force lines are in unit area. 
Magnetization, described by “M”, is the value of vector which expresses the density of magnetic 
dipole moments in a material. Magnetic susceptibility, described by “”, is the property which all 
materials and molecules have. This value indicates how strong the material or molecule is attracted 
into or repelled out when they are under the magnetic fields. Permeability, “”, is the parameter 
which indicates a degree of magnetization. 
 
Table 2.1. Various amounts about magnetics and magnetism [44]. 
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2.1.2  Magnetic susceptibility 
All materials have magnetisms, which are come from spins or orbital motions 
of electrons in molecules. Magnetisms of materials are distinguish to four kinds of 
typical characteristics, Ferro-magnetism, Para-magnetism, Dia-magnetism and 
Antiferrom-magnetism. Magnetisms which are originated by electron spins produce 
Ferro-magnetism or Para-magnetism. Unpaired electron is generate these spin 
magnetism. Spin-spin interactions in a ferro-magnetic materials work to align the spins 
to uniaxial direction and aligned spins generate the magnetic field. In contrast, values 
of spin-spin interactions of para-magnetic materials are negligible to the thermal energy. 
According to these relation, the magnetization of para-magnetic materials appear only 
when they are in the external magnetic field. Antiferro-magnetism have magnetic 
susceptibilities which are positive value, however the spins, which locate next to each 
other, direct opposite direction, upward and downward. In contrast to these magnetisms, 
materials which have Dia-magnetic characteristics have negative magnetic 
susceptibilities. When Ferro-magnetic materials are applied magnetic fields, they are 
magnetized and magnetization states are maintained after the magnetic fields are off. 
Most of organic molecules or materials include crystals show the characteristics of 
Dia-magnetism.  
 
Figure 2.1. Magnetic susceptibilities with relationship of the values and magnetisms. 
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(2.3) 
(2.2) 
(2.1) 
Figure 2.2 and Figure 2.3 show schematic images of magnetic force, when 
magnetic material is under gradient magnetic fields. Magnetic field which has gradient 
field which is an equation 2.1, magnetic force could be described by an equation 2.2 or 
2.3. Generally, magnetic field intensity, H, is in proportion to magnetization, M, and 
inverse proportion to square of distance, r.  
 
 
 
 
 
 
 
 
 
Figure 2.2. Magnetic force which works under magnetic fields. (a) magnetic moment (magnetic 
susceptibility) is positive value, and (b) magnetic moment (magnetic susceptibility) is negative value. 
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(2.5) 
(2.4) 
 
Figure 2.3. Schematic illustration of magnetic force which works under “gradient” magnetic fields. 
 
If the material is consist of many parts which has each magnetic susceptibility 
like a schematic image of figure 2.4, a total value of magnetic susceptibility  could be 
described by an equation 2.4. If  is the total magnetic susceptibility per volume, a 
magnetic moment of this material is described by an equation 2.5. 
 
 
 
Figure 2.4. A Material which consists of many parts which has each magnetic susceptibility. 
 
 
      (i = 1, 2, 3 ・・・) 
 V H 
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2.1.3 Magnetic torque 
Magnetic torque have a force which remotely rotating materials. This torque is 
effect on the materials which have anisotropy of magnetic susceptibilities. Anisotropy of 
diamagnetic susceptibility is come from electron orbits of molecules or crystals. For 
example, a material model, which is single crystal, is easy to consider a relationship 
between anisotropy and rotating force. In the case of diamagnetic material, crystal 
structure of the single crystal decide easy-axis and difficult-axis of magnetization. 
Figure 2.5 describes a single particle to explain how magnetic torque work on the 
material. 1 and 2 are magnetic susceptibilities which are parallel to and perpendicular 
to the material, respectively. In this system, magnetic torque, M, which works on the 
rod shape material in Figure 2.5 is able to show by an equation (2.6). 
 
 
Figure 2.5. Schematic illustration of magnetic rotation of grain, which is caused by diamagnetic 
torque. 
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(2.6) 
(2.7) 
(2.8) 
 
 
 and  are magnetic moment and magnetic flux, respectively. If it is considered in 
three dimensional space with gravitation, we have to concern gravitation torque, which 
is described by equation (2.7) [2, 3].  
 
An equation (2.8) shows the balance of forces upon the material. First term of the 
equation (2.8) is magnetic torque, which is described by equation (2.6), and second term 
is moment of inertia, which is due to gravity torque, equation (2.7).  
 
 
 
 
2.1.4 Diamagnetic orientation and its occurrence condition  
 When magnetic field affects the diamagnetic materials, magnetic torque come 
from anisotropy of the susceptibilities work as equation (2.6), and diamagnetic energy is 
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(2.9) 
(2.10) 
(2.11) 
described by an equation (2.9).  
 
 
 
Magnitude correlation between the absolute value of this magnetic energy  and 
thermal energy ET, which is described by an equation (2.10), determines whether the 
material is oriented under the magnetic field.  
 
 
 
According to a rule that is made based on experiences, it was reported that when 
magnetic energy is lager more than double digits of kinetic energy, magnetic rotation is 
occurred [4-6].  
 
 
In the magnetic fields of some value, the degree of magnetic orientation could be 
described by using order parameter which is shown as an equation (2.12). 
 
 
Additionally, when temperature is constant, by using magnetic anisotropy energy “U” 
shown in an equation (2.13), order parameter of (2.12) is also described as shown as an 
(2.12) 
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equation (2.14) [4-6]. So, by experimentally investigation of orientation degree, 
anisotropy of diamagnetic susceptibility could be estimated. Figure 2.6 is theoretically 
calculated order parameter <m>, which are corresponding to each value of anisotropy of 
diamagnetic susceptibility rewritten by Jikikagaku, page-347 supervised by K. 
Kitazawa, IPC. Co. ltd, Tokyo. 2002 [7].  
 
 
 
 
 
 
 
Figure 2.6. Theoretical plots of order parameters <m> of diamagnetic orientations which are 
corresponding to each value of anisotropy of diamagnetic susceptibility, redrawn from references of 
[4-7].  
(2.13) 
(2.14) 
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In the case that the material performs uniaxial magnetic orientation, according 
to past study (T. Kimura 2003), the energy of diamagnetic orientation is describes by an 
equation (2.15) [8]. And Probabilities of angle of magnetic orientation is also described 
as an equation (2.16) with the thermal condition of T [K] (M. Fujiwara, E. Oki, M. 
Hamada, and Y. Tanimoto, 2001) [9]. Figure 2.7 is the theoretical probabilities of 
orientation angles vs intensity of magnetic field. As values of magnetic susceptibilities 
of calcite, -12.9-6 (emu/g) and -14.4-6 (emu/g) were substituted for parameters of 
diamagnetic susceptibilities of // and ⊥ in the equation (2.15), respectively [10]. “k” is 
defined as the Boltzmann constant , 1.38-23, and “T” is absolute temperature set as 300 
K. Static magnetic fields were compared from 0.1 T to 0.5T with each 0.1 T. It was 
cleared that as the intensities of applied magnetic field become large, the probabilities 
has much deviation to alignment angle of 90°. 
 
 
 
 
 
 
 
(2.15) 
(2.16) 
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Figure 2.7. Theoretical probabilities of magnetic orientation vs intensity of magnetic field calculated 
by referring previous report about magnetic orientation of carbon nano tubes (M. Fujiwara, 1995) [9]. 
(a) is schematic illustrations of magnetic orientation of rod like materials, and (b) is calculated 
probabilities by the equation of (2.16) with magnetic field, H, of 0.1 T – 0.5 T magnetic fields.  
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2.2 Backgrounds of magneto-science 
2.2.1 Background of magneto-science 
 Magnets are used in many industrial products of a compass, motor driving 
units and electronic products. For a long time, ferro- and para- magnetic materials were 
targeted of most of past researches in magnetic field. It was because that these 
materials are much more sensitive than dia-magnetic materials. Recently, strong 
magnetic field generated by superconducting magnets are attracting a lot of interests as 
tools of a nuclear fusion reaction and a linear motor train. After when appearance of 
superconducting-magnet, dia-magnetic materials, such as polymers, organic-matters, 
bio-molecules, and carbon fibers, also became to researched targets. Studies about 
magnetic effects on diamagnetic biologically synthesized materials such as cellulose 
fibers, single-crystals of proteins, organic cells, and microcrystal of uric acid and MSU 
crystals and so on, also have been activated since superconducting magnets are easily 
used by many researchers [11-15]. Diamagnetic characteristics shows repulsive force 
under magnetic fields, the materials attempt to remove from where magnetic fields are 
higher than other area [16, 17]. By using this phenomena, strong magnetic fields also 
made it possible to control alignments of biomolecule such proteins and amino acids by 
magnetic torques [18, 19]. 
 For example, strong magnetic field with high gradient of “dB/dx” make it 
possible to the processing to sprit the water solvent which called “moses effect” (M. 
Iwasaka and S. Ueno 1994) [20]. Additionally, it also generate the pseudo zero gravity 
field to diamagnetic materials. At the position where gravity force and gradient 
magnetic force being balanced, gravity is canceled and diamagnetic materials float in 
the air (E. Beaugnon and Toumier 1991) [21].  
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2.2.2 Applications of magnetic orientation such as material processing 
 There are optically functional materials in or on the bio-organisms, for example, 
uric acid crystals in light organ of firefly are also reported, which enhance 
bioluminescence light signal generated by luciferin luciferase chemical reaction. 
Guanine micro plates in fish scale are also optically functional crystal, which enhance or 
inhibit light reflection on fish body by control an angle of light incidence and their body.  
By microscopic observation of fish scale under magnetic fields, magnetic 
properties of fish guanine crystals that it has high diamagnetic susceptibility was 
discovered by M. Iwasaka, 2010 [22]. Techniques of controlling of light reflection of 
isolated guanine crystals were also established, by changing three axis, light incidence, 
magnetic field and observing direction by M. Iwasaka, and Y. Mizukawa, 2013 [23]. This 
techniques are utilized in this studies as a basic methods. It have been presumed that 
some of microalgae, equipping microcrystals on surface of cell body, utilized crystals to 
carry out photosynthesis with high efficiency. In this study, to investigate optical 
function of microcrystal of coccolith, materials which occur light reflection with 
directional anisotropy were measured by using this technique of magnetic orientation. I 
aim to control the alignments of these crystals in aqueous suspension for controlling 
directivities of light scattering. And we considered that this method could applied to 
clear optical properties of micro crystals.  
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(2.19) 
(2.17) 
(2.18) 
(2.20) 
(2.21) 
(2.22) 
2.3 Basic principles of light reflection 
2.3.1 Basic principles of light propagation, refraction and reflection 
Light is one of electromagnet wave which can describe using wave function as shown in 
an equation (2.17). x and t are defined as coordinate and time, respectively.  and are defined as 
radial frequency and initial phase angle, respectively. It is able to rewrite to an equation (2.18) by 
using partial differential equation. 
 
 
 
 
In general, discussing about photonics, wave function of light, electromagnetic 
wave, is displayed by using maxwell’s equations (2.19-2.22). With formula deformation, 
differentiating rot H by t, wave function is derived from maxwell’s equations as shown 
in an equation (2.24). Constant values of c,  and , could be replaced by using v as 
shown in an equation (2.26), and equation (2.25) become can describe (2.27). 
 
, 
  ,  
  , 
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(2.23) 
(2.25)’ 
(2.26) 
(2.27) 
 
 
 
 
 
 
 
 
 
 
 
Propagating light is refracted or reflected at a boundary between differential two kinds of mediums. 
It is because that speeds of light propagations are dependent on permittivity and permeability of the 
medium. To explain light refraction, with thinking as an example of plane wave described as shown 
in Figure 2.8. If incident plane is flat, incident angle  
 
 
 
 
 
 
 
(2.24) 
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Figure 2.8. Schematic of light propagation (reflection and refraction), near boundary area. 
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(2.28) 
(2.32) 
(2.30) 
(2.29) 
(2.33) 
(2.31) 
2.3.2 Finite-Difference Time-Domain simulation 
Finite-Difference Time-Domain(FDTD) method is frequently and widely used 
to analyze propagations or frequencies of electromagnetic wave. In industrial fields, this 
method is necessary for designing optical devices and antennas. FDTD algorism, based 
on Maxwell's equations, was constructed by K. S. Yee, in 1966 and has been evolved 
[24-27]. To briefly explain, consider electromagnetic wave in x-y plane. Vectors of 
electric field direct to z and magnetic fields to x or y. Equations (2.19) and (2.20) are 
rewrote as equations (2.28-2.30). 
 
 , 
 
 
 
Then, setting electric field and magnetic field are different half step about both area and 
time domain each other, like Figure 2.9 bottom(right), equations (2.28-2.30) are 
described by difference equations (2.31-2.33) [24-27]. 
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This methods have been frequently utilized in the analysis of electromagnetic field for 
designing industrially products, such as antenna of telecommunication equipment, 
radar equipment in airplane and so on. Additionally, in the field of photonics, FDTD 
method is helpful to investigate characteristics of photonic crystals [28]. Direction of 
propagation is able to describe by pointing vector “S”, which is a value of outer product 
of vectors of electric field “E” and magnetic field “H”.  
 
 
Figure 2.9. Simple schematic images for explaining FDTD simulation which show a propagation of 
electromagnetic fields(upper) and grids of annalistic area(bottom). 
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2.4 Techniques of magnetic orientation and modulation of light scatterings 
 
2.4.1 Light scattering on microcrystals which has anisotropic shape 
Micro material which has anisotropic shape well reflect light with specific 
directions. Figures 2. 10 shows microscopic images of light scattered by the 
microcrystals, microcrystalline cellulose. This particle has high aspect like whisker 
shape. Light reflections to forward were detected by microscopic observation with 
dark-field illumination. Brightness were compared between three directions of 
dark-field illumination, as shown by the arrows. The scattered light streaks from the 
high aspect-ratio microcrystalline cellulose, the scattered light was strongest and 
covered the greatest area when the dark-field illumination was directed perpendicular 
to the longitudinal axis of the microcrystalline cellulose. Figure 2. 10 bottom is 
comparisons of brightness of reason of interest, which is around the whisker shape 
particle. 
Simulations of electromagnetic fields also suggested that more forward 
scattering occurred when the incident light and the longitudinal axis of the 
microcrystalline cellulose were perpendicular, than when they were at an oblique angle. 
Figures 2. 11 (left) shows Finite-Difference-Time-Domain (FDTD) simulation results. 
2D-contour figures of light scattering by the microcrystalline cellulose are described 
using distributions of pointing vectors. Simulation model was referred the SEM image 
of microcrystalline cellulose as shown in Figure 2. 11 (right). The refractive index of 
cellulose was defined as 1.559, which is the average value of the refractive indices of 
crystalline cellulose [29]. Electromagnetic radiation at 545 THz ( =.550 nm) was 
irradiated from the left-hand side towards the right-hand side. These simulations and 
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experiments demonstrate that intensity and propagation of light scatterings are 
strongly depended on incident angle. 
 
Figure 2. 10. Light scattering by microcrystalline cellulose whisker which has high aspect ratio (upper 
photos), and the brightness distributions (bottom). Bar is 5 m. 
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Figure 2.11. Finite-Difference-Time-Domain (FDTD) simulation results. 2D-contour figures of light 
scattering by the microcrystalline cellulose are described using distributions of pointing vectors (left). 
Simulation model was referred the SEM image of microcrystalline cellulose (right). These figures were 
reprinted by Y. Miyashita, et. al., (2014) [30]. Bar is 1 m. 
 
 
2.4.2 Magnetically controlling of light scattering on microcrystals 
 To investigate the light scattering by micro materials with controlling the 
alignments of them, magnetic orientation in water suspension was effective for some 
object, which has high anisotropy of diamagnetic susceptibilities. This method was 
constructed by M. Iwasaka and Y. Mizukawa with using guanine microcrystals obtained 
from fish scale [22, 23]. They discovered and the analyzed the change of light reflection 
intensity from biogenic guanine microcrystals where under the magnetic field. 
According to these studies, guanine crystal has high magnetic anisotropy and intensity 
of light reflection was controlled by diamagnetic orientation as shown in Figure 2.12.  
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Figure 2.12. Controlling of light reflection from microcrystals which was reported by Iwasaka, et. al., 
2014 [23]. Floating state of biogenic guanine microcrystals were randomly scatter the incident light 
(left), however they appear the anisotropic scattering under the magnetic orientation state (right).   
 
 
 
 
 
 
 
For example, cellulose have been known as the organic material which has 
high anisotropy of diamagnetic susceptibilities [31]. Side scatterings from suspension of 
microcrystalline cellulose with or without magnetic field of 0.5 Tesla were compared. By 
observations with dark-field illumination, Changes of the scattered light intensity 
during the magnetic orientation process was clearly explained.  Investigations of 
responsibility of these anisotropic crystals, when in an aqueous suspension, to sub-T 
order magnetic fields, are very sensitively observed by using an optical a spectrometer. 
Figure 2.14 is the transmittance of suspension state of microcrystalline cellulose, 
amounts of changes were measured with and without magnetic field. So, in this study 
we aim to apply this technique to investigate the specific light scattering of coccoliths.  
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Figure 2. 14. Comparisons of statistical analysis of relative changes. Angles of magnetic field direction 
to optical path were 0°, 45° and 90°. 
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3.  Magnetic orientation of Coccoliths 
 
3.1  Introduction 
 Coccolithophore is a spices of the microalgae, which is single plankton living 
in photic zone in ocean. These algae have chloroplast and carry out photosynthesis. 
Microalgae of Emiliania huxleyi (E. huxleyi) and Pleurocrysis carterae (P. carterae) are 
one of the most famous species of Haptophyta in the research field of their outer side 
crystals, coccolith (Figure 3.1). Coccoliths are synthesized from hydrogen carbonate ion 
(HCO3-) and calcium ion (Ca2+) at intracellular organ by a process of bio-mineralization, 
as shown in Figure 3.1. Figure 3.1 (a) and (b) is the optical microscopic image and 
illustration of intracellular structure of P. carterae, focused at the cross-section of the 
cell. The illustration of Figure 3.1 (b) was redrawn by referring the previous report by P. 
L. Beech and R. Wetherbee, 1984, which is about the cell structure [1]. Chloroplast, 
which is an organ for activate photosynthesis, are configure at near the outside of the 
cell shape.  
 Calcifications of hetero-coccoliths are fabricated and formed by intracellular 
bio-mineralization process as shown in Figure. 3.1 (c) [2-4]. Coccolith crystallization are 
growth on the organic base scale. Base plate scale, which consists of organic macro 
molecules, was fabricated in the golgi derived vesicle, and CaCO3 crystallization is 
occurred on the scale. And its shape is formed by acidic-polysaccharide [3]. It was 
reported by R. N. Pienaa, 1971, that nano particles of acidified poly-saccharides 
contained in the vesicle prevent progressions of crystallization of CaCO3 and form the 
outline of coccoliths [5]. 
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Figure 3.1. Intracellular structure of coccolithophore and a process of bio-mineralization of coccolith. 
(a) Microscopic image of P. carterae. (b) Schematicillustration of its cross section, which is redrawn by 
referring P. L. Beech and R. Wetherbee, Protoplasma 1984 [1]. (c) Schematic illustration of the process 
of the intracellular bio-mineralization, which is for explanation of coccolith forming, redrawn with 
referring the previous studies [2-5]. 
 
 
Lot of previous researches about outer shells of microalgae, coccolithophore, attempted 
to reveal the function of coccolith. Actually, fossils of outer shells of coccolithophore, which is made 
of CaCO3, have an important role as an indicator for identifying the ages of the stratums. It have 
been discussed for a long time what is the reason coccolithophores fabricate and equip 
the coccoliths. A past study indicate the function that coccoliths give the buoyancy to the 
cell (S. Honjo, 1976) [6]. According to the report, a hypothesis was suggested that 
coccoliths work as ballast to keep the cell at the depth of photic zone in ocean. 
From a different point of that view, previous studies about optical 
characteristics were more frequently reported. By measurements of backscattering of 
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Emiliania Huxleyi cells, which are with or without coccoliths, it was cleared that cells 
with coccoliths appeared stronger backscattering than that of sum amount of detached 
coccoliths (K. J. Voss, W. M. Balch, and K. A. Kilpatrick, 1998) [7]. Since later of 1990s-, 
back scatterings of coccoliths in open oceans were well investigated by using radar of artificial 
satellites, which intensity is helpful as an index of growth of Haptophyta [8, 9]. This index have 
been considered very important because occurring of clouds is caused by dimethyl sulfite which was 
generated by coccolithophores. From 2000s-, nano-structures of outer shell of microalgae have been 
attracting by their photonic characteristics. Studies of Mie scatterings of coccoliths of 
Emiliania Huxleyi, by using numerical analysis of T-matrix methods, were also reported 
by H. R. Gordon and T. Du (2001) [10]. According to past reports, which investigated the 
characteristics of Mie scatterings of detached coccoliths, most of incident light was 
scattered to forward as shown in Figure 3.2 (W. M. Balch. et., al., 1999.) [11]. 
Investigations of optical characteristics of them are very attractive for how microalgae 
use incident light. And, it is also expected to apply to novel optical devices.  
 
 
Figure 3.2. Theoretically calculated phase function, P(), of Mie scattering of approximated coccolith 
model by W. M. Balch. et., al., 1999. [11] 
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 However, there were no previous reports which considered anisotropy of light 
reflecting direction. So, this study aim to clear the function of light scattering of 
coccoliths with directional anisotropic distribution. For these purposes, the techniques 
for observing and spectroscopic measurements of directivity of anisotropic light 
scattering under the magnetic fields, which are explained in chapter 2.4 of this thesis, 
are seem to effective. This method were confirmed by Iwasaka, et. al., [12, 13].  
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3.2  Methods 
3.2.1 Preparation of occoliths of Emiliania huxleyi 
 At first, for the purpose of investigation of magnetic characteristics of 
coccoliths, optical microscopic observations were carried out. To prepare the sample of 
isolate coccoliths floating in water aqueous, Emiliania huxleyi (B349) were cultured in 
the condition of 20 °C condition with 16hbright / 8h-dark illumination [14]. Figure. 3.3 
is an optical microscopic photographs of Emiliania huxleyi with transmitted 
illumination (left) and illustration of whole of the cell. According to dark field 
observation, strong scattered light is detected by objective lens. 
Coccoliths were peeled off from Emiliania huxleyi cells pellets by a biochemical 
process as shown in Figure 3.4. At first, 5 min-4,000rpm centrifugation of culture 
solution of Emiliania huxleyi, and removed supernatant. Then, adding 3-4 mL of 
0.25%-Trypsin into the precipitated paste of Emiliania huxleyi, and kept in water bath 
at the temperature of 37 °C, 12h. Finally, centrifugation again (5 min-4000rpm), and 
remove supernatant of trypsin. Subsequently, suspension state of coccoliths were 
prepared by filled by pure water. Figure 3. 5 is image of isolated coccoliths suspensiuon 
of Emiliania huxleyi. Microscopic photographs of Figure 3.5 left and right are taken 
with low (×100) - and high (×150)- magnification lens, respectively. shows optical 
microscopic image of coccoliths suspension of E. huxleyi. Edge of inside ellipse 
depression of coccoliths were clearly observed and outside edge of them were faintly 
observed.  
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Figure 3.3. Microscopic image of Emiliania huxleyi with bright field illumination (left) and illustration 
of whole of the cell (right). 
 
 
 
 
Figure 3. 4. Experimental scheme for biochemically isolating coccoliths from the surface of the cell 
body of Emiliania huxleyi.  
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Figure 3. 5. Optical microscopic image of coccoliths suspension of Emiliania huxleyi, floating in water 
suspension. 
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Figure 3 6 (left) is a Scanning Electric Microscopy (SEM) image of chemically 
isolated coccoliths of Emiliania huxleyi by treated with trypsin. Figure 3 6 (right) is the 
fine component of calcite crystals which compose the disk shape. The size of obtained 
coccoliths, used in this study, were measured from SEM images and analyzed as shown 
in Figure 3.7 and Table 3.1. 
 
 
 
Figure 3. 6. FE-SEM image of an isolate hetero-coccolith of E. huxleyi (left), and illustrations of 
structure of the hetero-coccolith of Emiliania huxleyi disk which consist of approximately 33 elements 
of the part of calcite crystals (right).  
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Figure 3.7. Comparison of the sizes of the coccolith disks of Emiliania huxleyi used in this study, which 
were measured from SEM images. Parameters of “a” and “b” are diameters of short and longitudinal 
axis of the disks, respectively. 
 
Table 3.1. Sizes (m) of coccoliths of Emiliania huxleyi used in this study, which were measured from 
FE-SEM images. 
  
No. a (m) b (m) Aspect(a/b)
1 3.09 3.41 0.91
2 2.65 3.67 0.72
3 3.94 4.15 0.95
4 2.89 3.83 0.76
5 2.46 3.36 0.73
6 3.66 4.33 0.85
7 3.85 4.38 0.88
8 2.87 3.57 0.80
9 2.98 3.88 0.77
10 3.23 4.04 0.80
11 2.72 3.20 0.85
12 2.39 3.21 0.74
13 2.07 2.57 0.81
14 2.15 2.81 0.81
15 2.84 3.64 0.81
16 2.59 3.30 0.80
17 3.41 3.63 0.80
18 2.44 3.18 0.81
19 2.42 3.22 0.81
Average 2.88 3.55 0.81  
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3.2.2 Set up of optical microscope with electromagnet 
Characteristics of diamagnetic alignments of coccoliths were investigated by 
the microscopic system (IR-73, Olympus. Co., Ltd. Japan) with electromagnet (Hayama. 
Co.Ltd., Japan), which is as shown in Figure 3.8. Sample of coccoliths were contained in 
the thin glass chamber which was filled with distilled water and completely sealed to 
prevent vibration. The chamber was placed on the stage of optical microscope, which 
configured at central position of magnetic poles of electromagnet. Magnetic fields which 
intensity was 0.5 T, at maximum value, were generated with horizontal direction. 
Figure 3. 8 (a) and (b) are the schematic images of the system for optical measurement 
with applying magnetic fields. The characteristics, I-B curve, of the electromagnet 
which was used in this study is shown in Figure 3.9 and Table 3.2. 
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Figure 3. 8. Measuremental set up of microscopic system with electromagnet for in-situ observation of 
magnetic orientation of coccoliths. (a) and (b) are illustrations of the whole set up and sample unit 
stage between magnetic poles, respectively.  
 
 
 
 
 
 51 
 
Figure 3. 9. I-B characteristic of the electromagnet. 
 
Table 3. 2. Correspondence table of magnetic flux at sample position with DC currents which are 
applied to coils of electromagnet. 
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3.3  Results 
3.3.1 Characteristics of magnetic orientation of coccoliths in water 
 At first, characteristic of magnetic orientation of coccoliths in water aqueous 
were investigated by a microscopic system combined in electromagnet as shown in 
Figure. 3.8. The microscopic images of isolated coccoliths of Emiliania huxleyi, which 
are floating in pure water, are in Figure 3.5 and 3.10. Doughnut shape shadows in 
photographs are the coccoliths whose disk plane is face to the observing axis, and rod 
like shadows are coccoliths whose side planes are parallel to the observing axis. Left 
and right photographs are captured at the condition of control and under 0.5 Tesla 
horizontal magnetic field, directing from left side to right side, respectively. Under 0.5 T 
magnetic field, rod shape sadows of coccoliths were more observed than ring shape 
shadows of them. Ratio of number of lying and risen coccoliths, when there was not 
applied magnetic field, was approximately 1:1. However, number of risen coccoliths 
were approximately 4 times of lying coccoliths under the 0.5 Tesla magnetic field as 
shown in bar charts of Figure 3. 11 and Table 3.3. These results suggested that 
magnetic field rotated the floating coccoliths perpendicular to the direction of applied 
field.  
Subsequently, we analyzed the angular distributions of diamagnetic 
orientation of risen coccoliths. Orientation degree, , was defined as the angle between 
side plane of the disks and direction of magnetic field. Figure 3. 12 and Table 3.4 are the 
result of the distribution of orientation degree of risen state coccoilths in observed plane 
under 0.5 T magnetic field. It was revealed that coccolith has uniaxial magnetic 
orientation which directs with the angle of 90° to the applied field. Additionally, 
distributions at 30-35° and 145-150° suggested that they were most difficult angles to 
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be magnetized in coccolith.  
 
 
 
 
Figure 3. 10. Optical microscopic images of suspension of isolated coccoliths with (right) or without 
(left) 0.5 Tesla magnetic field.  
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Figure 3. 11. Statistical analysis of orientation index, which is defined by number of risen coccoliths 
divided by number of lying one.  
 
Table 3. 3. Number of the prostate and vertically oriented coccoliths, orientation index. Left and right 
are with and without 05 T magnetic fields. 
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Figure 3. 12. Distribution of magnetic orientation degree of coccoliths, floating in water aqueous.  is 
defined as the angle between the direction of magnetic field and the axis of longitudinal side plane of 
the disk.  
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Table 3. 4. Number of the vertically oriented coccoliths distribution divided in the angle of between 
longitudinal direction and magnetic field. 
 
Angle Lot no.-1 Lot no.-2 Lot no.-3 Lot no.-4 Lot no.-5 Average
0°~ 1 8 8 4 7 4.2
5°~ 2 7 3 2 3 2.8
10°~ 3 1 3 2 2 1.8
15°~ 2 4 0 4 4 2.0
20°~ 1 0 4 3 2 1.6
25°~ 3 2 4 4 2 2.6
30°~ 3 5 1 1 1 2.0
35°~ 3 5 0 4 4 2.4
40°~ 7 4 6 4 2 4.2
45°~ 3 7 3 4 2 3.4
50°~ 2 11 6 5 6 4.8
55°~ 4 1 4 3 2 2.4
60°~ 3 4 5 3 8 3.0
65°~ 8 5 3 4 5 4.0
70°~ 3 5 3 1 3 2.4
75°~ 3 7 3 8 8 4.2
80°~ 9 7 5 6 10 5.4
85°~ 10 10 7 17 8 8.8
90°~ 12 12 13 16 10 10.6
95°~ 6 8 5 5 8 4.8
100°~ 5 8 8 6 5 5.4
105°~ 5 5 4 6 5 4.0
110°~ 9 2 6 1 4 3.6
115°~ 10 2 5 4 3 4.2
120°~ 4 3 6 9 5 4.4
125°~ 6 6 2 3 2 3.4
130°~ 7 6 4 4 3 4.2
135°~ 2 1 3 8 3 2.8
140°~ 1 4 5 5 4 3.0
145°~ 2 0 4 1 3 1.4
150°~ 3 4 4 4 3 3.0
155°~ 2 2 1 2 4 1.4
160°~ 3 6 2 4 3 3.0
165°~ 0 7 4 6 2 3.4
170°~ 7 6 8 10 5 6.2
175°~ 10 7 2 5 4 4.8
N 164 182 154 178 155  
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Figure 3. 13 and Figure 3.14 are the illustration of an elemental part of 
coccolith structure and crystal structure of CaCO3 (calcite), respectively. In coccolith 
illustration, c-axis which were displayed by arrow are the axis of easy magnetization. At 
most of area, c-axis is parallel to radial direction of the disk plane, and locally direct 
perpendicular to radial direction at center of the doughnut structure as shown in Figure 
3.14 bottom. Calcite crystal has a rhombohedral structure as shown in Figure 3. 15 (a). 
In the crystal structure of calcite (Figure 3.15), arrows of c and  in Figure 3. 15 (b) are 
diamagnetic susceptibilities with the axis of parallel and perpendicular to the c-axis, 
each values are referred by G. J. Borradaile and M. Jackson (2004) [15]. The value of  
is the difference of c and .  
 
 
 
Figure 3. 13. Illustration of the elemental part of coccolith structure which consists of CaCO3 crystals, 
and correlation between coccolith size and number of parts designed by referring Young [4]. (a) c-axis 
of calcite structure in the part are displayed by arrows. (b) Number of elemental parts which compose 
the coccolith disk. 
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3.3.2 Mechanism of coccoliths orientation 
For theoretically understanding the characteristics of diamagnetic orientation 
of coccolith, calculations of magnetic torque, diamagnetic energy, and probability of the 
orientation were calculated. At first, volume, V, of an elemental part of the coccolith was 
estimated as 1.63 × 10-13 cm3, by designing polygonal approximation model of the 
coccolith of Emiliania huxleyi with referring past reports about fine structure of it [2-4]. 
Estimated size of a coccolith part consist of CaCO3 crystal is shown in Figure 3. 14 (c). 
Especially, the component of the part, where c-axis direct perpendicular to radial 
direction of the disk, occupied only less than 1.725% of the total volume. Therefore, in 
this calculation, it was defined that magnetic susceptibility of c-axis was parallel to 
radial axis of coccolith disk plane. 
 
Figure 3. 14. Crystal structure of CaCO3 calcite (a, b) and an approximated polygonal model of the 
elemental parts of coccolith (c). c and  are diamagnetic susceptibilities with the axis of parallel and 
perpendicular to the c-axis, each values are referred by G. J. Borradaile and M. Jackson (2004) [15]. 
The value of  is the difference of c and .  
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By using an equation (3.1) which transform the magnetic susceptibility per 
gram to that of per volume, the magnetic susceptibility of the part was described as 
follows.  
       
g is estimated by dividing M by molar mass of calcite, 100.087 (g / mol), and v is 
guided by multiplying g by density, 2.7 (g / cm3). Thus diamagnetic susceptibilities per 
volume of calcite, cand⊥are ×  (emu / cm3) and -12.9 ×  (emu 
/ cm3), respectively. Therefore, anisotropy of diamagnetic susceptibility is -1.5 ×  
(emu / cm3). According to these parameters, diamagnetic energy per an elemental parts 
of coccolith was calculated by using an equation (3.2), where 0 and H are magnetic 
permeability and magnetic field respectively [16]. This energy worked on the rotation 
torque, and the value ,in the most stable position, is 3.06 × 10-13 (emu) at 0.5 T (5000 
Gauss). 
 
 
 
 
 
 
 
. 
 
 
 
(3.2) 
(3.1) 
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Figure 3. 15. Configurations of c-axis of elemental parts of coccolith with the direction of magnetic field. 
(a) and (b) indicate the case where surface of the disk face parallel and perpendicular to the magnetic 
fields, respectively. (c) is the correlation of the diamagnetic susceptibilities of an elemental part and 
coccolith disk. 
 
Figure 3. 16. Calculated anisotropic diamagnetic energy per an elemental part of the coccoloth. 15kBT 
is the empirical threshold of 80% diamagnetic orientation degree at room temperature (293 K). 
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Figure 3.15 is cnfigurations of c-axis of elemental parts of coccolith with the 
direction of magnetic field. Figure 3.15 (a) and (b) indicate the case where surface of the 
disk face parallel and perpendicular to the magnetic fields, respectively. Figure 3.15 (c) 
is the correlation of the diamagnetic susceptibilities of an elemental part and a coccolith 
disk. Figure 3. 16 is calculated anisotropic diamagnetic energies per an elemental part 
of the coccolith by using an equation (3.2) with magnetic fields of 0.1 – 0.5 T. 15kBT is 
the empirical threshold of 80% diamagnetic orientation degree at room temperature 
(293 K) [17]. According to these results, absolute value of the magnetic energies was 
much lower than the thermal energy which affect the Brownian motion of coccliths in 
water aqueous. Thus it was suggested that only elemental parts couldn’t be oriented by 
sub-Tesla order magnetic fields. 
However, one coccolith disk structure consist of 27-38 elemental parts of CaCO3 
crystals as shown in Figure 3.6, 3.13 or 3.14 (c). Figure 3. 15 shows the configurations of 
c-axis of elemental parts of coccolith with the direction of magnetic field, (a) and (b) 
indicate the case where surface of the disk aligned parallel and perpendicular to the 
magnetic fields, respectively. Figure 3. 17 is the calculated anisotropic diamagnetic 
energy per a coccoloth disk which model was defined as consisting of 33 elemental parts 
of calcite crystals. These result indicate that magnetic energies of more than 0.2 T was 
larger than the thermal energy. Therefore, diamagnetic orientation of coccolith disk was 
able to achieve with sub-Tesla magnetic fields because volume parameter was increased. 
Energy equation comparison between diamagnetic energy and thermal energy for 
deciding the condition of magnetic orientataion is in Figure. 3.17. It is cleared by rule of 
thumb that magnetic orientation is occurred when the value of diamagnetic energy 
shows more than two orders of magnitude of thermal energy. 
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Occurrence condition of the diamagnetic orientation also theoretically analyzed 
and confirmed by comparing of diamagnetic energy with thermal energy at room 
temperature of 20 °C (293 K). Diamagnetic energy, E, affecting on the floating 
coccolith was 2.26 × 10-10 (erg) at 0.5 T, and thermal energy, obtained by the products of 
Boltzmann constant and absolute tenperature, was 6.21 × 10-13 (erg) at 20 °C. According 
to these calculated value, it was reconfirmed that magnetic orientation of coccoliths was 
easily occurred at room temperature. 
 
 
 
Figure 3. 17. Calculated anisotropic diamagnetic energy per a coccoloth disk. 15kBT is the empirical 
threshold of 80% diamagnetic orientation degree at room temperature (293 K). 
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 Then, the distribution characteristics of magnetically oriented particles was 
theoretically described by an equation of (3.3), where P (, H) is probability of magnetic 
orientation degree with each angle [18]. 
 
 
 
And exactly, c-axis are slightly inclined with the direction of radial direction of the 
coccolith disk because the surface of the coccolith is 20°-30° bended to form the bowl 
shape. Figure 3.18 is the probability, P(, H), with 0.1-0.5 T magnetic field. 
 
 
Figure 3. 18. Probability of the degrees of magnetic orientation of coccoliths in under 0.5T magnetic 
field. . 
 
(3.3) 
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3.4 Conclusion 
In the past studies by W. M. Balch, et. al. 1999, and Gordon and Du 2001, the 
optical backscattering characteristics of hetero-coccoliths in ocean and sea water were 
investigated and reported. However, these studies did not mention about the reflection 
angle with single aligned disk [7, 10, 11, 19]. To investigation of function of coccolith 
how work to the cell activity, it have been seem that understanding of propagations of 
reflected or refracted light by single coccolith is very important. Especially, controlling 
of the incident angle to the coccolith shape is necessary to analyze the propagation.   
In the present study, experimental and theoretical investigations about 
diamagnetic orientations of coccoliths were carried out. Magnetic orientation of 
coccolith make it possible to control the alignment of micro material of coccolith in water 
suspension, and it is helpful for measurement of the light propagation directivities and 
light scattering on coccoliths. According to the results, diamagnetic orientation of 
coccoliths was achieved in water condition with applying 0.5T static magnetic field. 
Configuration at oriented state of coccolith disk plane directed perpendicular to the 
magneric field. It was because easy magnetize axis of calcite, which is c-axis of crystal 
structure of it, are located parallel to the radial direction of the disk shape. The 
characteristics of orientation was theoretically verified by calculating the diamagnetic 
anisotropic energy. By designing a polygonal model, the volume of a coccolith elemental 
part was calculated as approximately 1.63 × 10-13 cm3. According to statistical analysis 
of coccolith size and structure, one coccolith disk consist of 27-37 of elemental parts, 
therefore coccolith volume was estimated 5.38ｘ 10-12 cm3. Due to this volume, 
diamagnetic anisotropic energy was calculated as 9.6810-12 [erg] under 0.5 T (5000 
Gauss) which is close value to the threshold given by 15 kBT (6.21 10-12 [erg]). Therefore, 
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we expected that diamagnetically oriented coccoliths perform anisotropic light 
scatterings, which are spectroscopically detected with high sensitivity.  
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4.  Light reflection from magnetically aligned Coccoliths 
 
4.1 Introduction 
 Coccolith is an outer shell of microalgae, coccolithophore. For a long time, 
physiological significance of coccolith have been studied and discussed. Thus, there are 
a lot of hypothesis that coccolith have physical function such as a float to give buoyancy 
[1], partition to prevent the cell body from rapid change of ocean condition, and optical 
device of micro filter or lens [2]. Previous study suggested that coccolith calcification 
have correlation with the nutrient condition at living area in ocean [3, 4]. In other word, 
it is considered that light scattering of coccolithophores and coccoliths are important to 
know the ocean environments. Thus, investigation of the mechanisms of light scattering 
of coccoliths are meaningful because it was expected that understanding individual 
characteristics of coccoliths which is depend on coccolith shape or size is helpful for and 
design the optimal conditions of illumination.  
There are some past studies which repoted about back scattering in ocean and 
Mie scaterring characteristics. By comparison of backscattering intensities of Emiliania 
huxleyi cells, it was cleared that cells with coccoliths appeared stronger backscattering 
than that of sum amount of detached coccoliths as shown in Figure 4.1 (K. J. Voss, W. M. 
Balch, and K. A. Kilpatrick, 1998) [5]. On the other hand, it were reported that there is no 
difference of ability of Carbon assimilation between cell equipping coccolith and not equipping one 
at lower light condition, however growth rate (div / Day) express the difference, 18% superior of 
equipping cell between them (E. Paasche, and D. Klaveness, 1970) [6]. Since later of 1990s-, back 
scatterings of coccoliths in open oceans were well investigated by using radar of artificial satellites, 
which intensity is helpful as an index of growth of Haptophyta [4, 7-9]. In contrast to these 
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experimental studies, numerical analysis about light scattering of coccoliths were also reported [10, 
11]. However it have been required to measure the direction of reflected light with concerning where 
incident light was irradiated in the coccolith’s disk shape. 
 
 
Figure 4.1. Volume scattering of coccolith oparticles which indicate the characteristics of 
forward scattering reported by P-W. Zhai, et. al., 2013 [5]. 
 
 
Figure 4. 2. Comparison of the strong point of this study (measurement of light scattering under the 
magnetic field) with the previous studies. 
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4.2 Methods 
The value of intensity of reflected light from floating coccoliths, suspension of 
isolated coccoliths, were prepared by enzyme treatment as explained in chapter 3 in this 
thesis (Figure 4.3). Light scatterings were detected by fiber spectroscopic system as 
shown in Figure 4. 4 (a). In experiments, 90° scattered light were detected with or 
without applying static magnetic field generated by electromagnet. Due to the results in 
chapter 3 of this thesis, scattered light from magnetically oriented state of coccolith 
suspension express the directivity of light reflection. 
 Quartz optical cell (size: 10 mm × 10 mm × 30 mm), which were containing 
coccoliths suspension (Figure 4. 4), were set at the center position of magnetic poles of 
the electromagnet. A sample unit has three configurations as shown in Figure 4.4 (b). In 
Configuration I, incident light were irradiated perpendicular to the maximum plane of 
magnetically oriented coccoliths. In contrast, Configurations II and III were designed as 
incident light were irradiated at different position from Configuration I. In 
Configuration II, incident illumination irradiated side plane of disk and 90° scattering, 
which direction is parallel to maximum plane, were detected. In Configuration III, light 
incidence was same with Configuration II, however detected axis were perpendicular to 
maximum plane. These systems of sample units were constructed by referring previous 
study, which measured guanine microcrystals (M. Iwasaka, Y. Mizukawa, and Y. 
Miyashita, 2014) [12].  
To compare differences of scattered light intensities, with running time-course 
measurement of scattered light intensity at several wavelength, magnetic fields of 0.5 
Tesla were switched on and off. Two optical fibers were prepared, and attached the wall 
of the optical cell as orthogonal each other, one was connected to spectroscope and the 
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other was come from halogen optical light source. Those beam were irradiated with 
through the optical isolator. Directions of incident light and detecting fiber axis to the 
direction of applied magnetic fields were changed with three patterns. 90°-side-way 
scattered light from floating coccoliths were detected by cooling CCD spectrometer, 
sampling time was 0.99999 second.  
 
 
 
Figure 4.3. An optical microscopic image of occolith suspension sample. Isolated coccoliths are floating 
in water aqueous. Bar is 5 m. 
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Figure 4. 4. Measurements, fiber optical setup, for detecting 90° light scatterings with and without 
applying magnetic fields. (a) and (b) are illustrations of the whole set up and configurations of sample 
units between magnetic poles, respectively.  
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4.3 Results 
4.3.1 Light scattering of dia-magnetically aligned coccoliths in water 
 At first, we measured 90° volume scattering from coccoliths suspension with 
and without magnetic field by using measurement system of Figure 4.4. By comparing 
the intensities of volume scattering at condition of diamagnetically aligned state with 
that of random oriented state, we aim to reveal the directivity of reflected light on 
coccolith with considered the correlation of incident and reflection angle. Coccolith has 
so anisotropic and complex form, that it was seemed that control of coccolith direction 
with floating state in water was necessary. Time courses of 90° volume scattering of 675 
nm incident light are described in Figure 3.3.5. These measurements were carried out 
with three type of the configuration of the optic system. So, incident angles with the 
disk plane of magnetically oriente coccolith were adopted at 0° (configuration I) and 90° 
(configuration II and III). Scattered light intensities were detected from 90° with the 
axis of light incidence. In configuration II and configuration III, detecting axis were 
parallel- and perpendicular- to the side planes of the disks. During 50 - 100 sec and 150 
- 200 sec, static magnetic fields of 0.5 T was exposed to the sample suspension.  
Intensity of reflected light from dia-magnetically uniaxial oriented state of 
coccoliths with configuration I was enhanced from that of random oriented state. This 
change ratio of intensity of intensity of light scattering indicated that specific direction 
of light reflection on coccoliths with controlled incident angle could be determined. In 
the configuration I, perpendicular incidence to disk planes and reflect parallel to side 
plane, the intensity was increased approximately 7.5 % than that of random state. It 
was considerable that the 90° reflection was depended on the tilted plane of the 
coccolith, which is approximately 30-35°. 
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Figure 4. 5. Time-course intensities of side light scattering of suspension of diamagnetically orientated 
coccoliths of E. huxleyi. (Upper) Illustrations of experimental Configuration I: incident angle was 0° 
with the largest plane of coccolith and detecting axis was parallel to the side plane of disks. (Bottom) 
Time course of scattered light intensity.  
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 Light scattering under magnetic fields with configuration II was decreased. 
Change ratio of this direction, incident angle was parallel to the disk, was about 19.5 %. 
It was seemed that directivity of reflected light to the same plane with the coccolith’s 
disk plane was much lower than that of to other directions. 
 
 
Figure 4. 6. Time-course intensities of side light scattering of suspension of diamagnetically orientated 
coccoliths of E. huxleyi. (Upper) Illustrations of experimental Configuration II: incident angle was 90° 
with the largest plane of coccolith and detecting axis was perpendicular to the largest plane of disks. 
(Bottom) Time course of scattered light intensity.  
 
 76 
 
 In contrast, intensity of light reflection under magnetic fields with 
configuration III was enhanceed than that of random state. The ratio was nearly 20 %, 
which in maximum change ratio in three kinds of configurations of this optical 
measurement systems.  
 
  
Figure 4. 7. Time-course intensities of side light scattering of suspension of diamagnetically 
orientated coccoliths of E. huxleyi. (Upper) Illustrations of experimental Configuration III: incident 
angle was 90° with the largest plane of coccolith and detecting axis was parallel to the side plane of 
disks. (Bottom) Time course of scattered light intensity.  
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Figure 4. 8. Statistical comparison of change ratio of scattered light intensity between with and 
without magnetic field. Green ◆ and blue ◇ are the magnetically oriented state and control state, 
respectively. .  
 78 
 
4.3.2 Calculations of light scattering of a coccolith at far field region 
 To theoretically understanding propagations of light scattering by the coccolit, 
numerical simulation and analysis were carryed out by using 
Finite-Difference-Time-Domain (FDTD) method [13-16]. By using results at near field 
FDTD simulations, distributions of intensity electromagnetic fields at far field were 
analyzed. Calculations of scattered light intensity at far field is important to investigate 
how the incident beam is propagated in the aqueous dispersion of micro particles, like 
isolated coccoliths in ocean.In three-dementional analysis area, I simulated the 
propagations of scattered light with changing incident angles and wavelengths of 
incident light direction. Figure 4.9 is a structure as a model of a coccolith and analysis 
region for simulating scattered light propagations. Diameter of the coccolith model was 
3000 nm and the angle of tilt at the largest plane of the disk was designed 
approximately 32°. Analysis area is the cube of side 8000 nm. Refractive index of 
coccolith area was 1.615 and other area adopt 1.333 as that of water.  
 
Figure 4.9. FDTD simulation model which designing an E. huxleyi coccolith. 
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These numerical analysis were carried out with three types of configurations, 
corresponding to the conditions of spectroscopic measurements of suspension of 
coccoliths under magnetic fields. Incident light, waveform was sin-wave, were 
irradiated to coccolith model parallel to x-axis. Intensity of electric field and excitation 
frequency were 1 V/m and 630 THz, respectively. And analyzed values were described by 
poynting vector, which were normalized by maximum value. Configurations of direction 
of incident light and axis of magnetic orientation were modeled. As shown in Figure 4. 4, 
dependency of the directivities of reflected light propagation on incident angles, , was 
investigated by using FDTD method which is for analyzing far field elrctromagnetic 
field [20]. Incident angle were compared between 0°, 45°, and 90° as shown in Figure 
4.10 (a). Reflection angle, , was defined as the upper of Figure 4.10 (b).  
It was revealed that angular dependency was strongly correlated with the 
incident angle,, to the coccolith model as shown in upper polar coordinate graph. In 
the case that incident angle of 0°, light irradiated perpendicular to the disk plane, 
strong back scattering was appeared with reflection angle, , between 138° - 163°. These 
back scattering has very sharp dips corresponding to the wavelength. Additionally, 90° 
scattering was also detected, which intensity was approximately half amount of the 
maximum value of the back scattering. When incident angle was 45°, strong back 
scattering was appeared with reflection angle of 130° and 138°. Forward scattering was 
also seen at reflection angle of 45°. On the other hand, there is no peak at the reflection 
angle of near 90°. In contrast these to configurations, back scattering was not appeared 
when incident angle was 0°. I think that this results was because that the area, the 
incident light was pass through, was minimum value. In addition, 90° scattering was 
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strongly appeared with reflection angle of 83°, which is maximum directivity in this 
configuration. In those calculated results, the specific directivities of light scatterings 
weren’t depended on a low of reflection with simple plane model. Therefore, these FDTD 
results suggested that directions of strong light direction was depends on both incident 
angles and the tilt degree of the coccolith’s surface. 
 
 
 
Figure 4.10. Comparison of angular distributions of scattered light intensity, described by normalized 
value of poynting vectors. Green-, orange-, and blue-line show the incident angle, of 0°, 45°, and 90°, 
respectively.  is reflection angle from 0° (forward scattering) to 180° (back scattering). 
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Figure 4.11. Far field analysis of angular dependencies of light scattering of the coccolith by FDTD 
simulation. Normalized value of poynting vectors are compared between three configurations as shown 
in left illustrations. (a) Incident light was irradiated perpendicular to disk plane, red arrows are 
directions which corresponding to the detecting axis in experiments (Figure 3.20). (b) Incident light 
was parallel to the coccolith disk plane, and simulated with x-z plane. (c) Incident light was parallel to 
the coccolith disk plane, and simulated with x-y plane.  
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Figure 4.11 (a)-(c) are corresponding to the three kinds of experimental 
configurations. Figure 4.11 (a) is the simulated result with single model of coccolith of 
configuration III. Figure 4.11 (b) and (c) are that of Configuration I and II, respectively. 
This distributions of far-field optical fields are simulated with incident wavelength of 
670 nm. According to these numerical results, peak intensity at near reflection angle of 
90° are similar to the experimental results of enhancements and decreasing.  
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4.4 Conclusion 
In this study, experimental and theoretical investigations were carried out for 
determining the propagation directivities of light scattering on coccoliths. From these 
results by using the technique of optical measurement with magnetic orientation, it 
were cleared that coccolith particles, which is isolated from E. huxleyi, appeared light 
scattering with specific directions. Even though, specific angle, well- or less- light 
reflecting angle of coccolith, have never been revealed, it were cleared to the 
characteristics of 90° scattering by using magnetic orientation and FDTD model 
analysis. 
According to experimental results with changing incident angles, reducing and 
enhancing of light scattering of magnetically controlled coccoliths to specific angle were 
obtained by comparing with random orientation state of them. Increase and decrease of 
intensities of scattered light to the angle of 90° with light incidence indicate correlations 
with scattering cross-section as follow.  
 
● Configuration-I: Incident light irradiated parallel to the disk plane of coccolith was 
strongly scattered to 90° direction which is also 90° with the disk plane. It was 
suggested that tilt which become higher toward the center of disk is strongly 
effective to the angle of reflection. 
 
● Configuration-II: In the case disk plane was configured parallel to the direction of 
light incidence, 90°-light scattering to the same, parallel, plane with the disk plane 
was weaker than configuration I. 
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● Configuration-III: When disk plane of coccoliths faced perpendicular to the light 
incidence, scattered light intensity is stronger than that of random orientation state. 
It is considerable that enhancement of 90°-scattering were occurred because this 
configuration give the largest irradiated area per a coccolith particle. 
 
 It is also confirmed by FDTD analysis at far field that strongly reflecting angle 
of coccolith is remarkably depended on the incident angle with coccolith disk surface. 
From 0°(=forward scattering) to 180°(=back scattering), characteristics of angular 
dependencies of scattered light intensities with incident angle of from 0° to 90° were 
investigated. These results compensate measuremental results of the anisotropic light 
scatterings of coccoliths. So, this measurement systems to detect intensity of 90° light 
scattering is very convenient for analyzing the directivities of reflection angle of micro 
particles which have anisotropic shape.  Additionally, optical electric fields at near 
field region were different from that of far field distributions. FDTD-results suggested 
that light propagation of coccolith have a function like micro lens or micro collimator at 
near fields, where is a region with in approximately 3 m, to the specific wavelength. 
Distributions of the intracellular optical-electric field intensities of microalgae cell were 
also simulated by FDTD-method, with coccoliths attached model. Effect of coccoliths for 
intracellular light propagation were compared with a FDTD model of microalgae cell 
without coccoliths. 
 By gather these experimental and calculated results, it was suggested that the 
individual, isolated from cell body, coccoliths have the ability to efficiently control the 
incident light. By the However, it is still undecided whether coccoliths work on the 
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coccolithophores as light shades or light collectors for the cell inside when they form a 
coccosphere. In other words, the present work only developed the system to clear the 
light reflection directivities of coccolith and theoretically analyzed the condition of 
intracellular optical field of coccolithopores. As a next work, it is necessary to analysis 
behaviors and amount of products by metabolic processes of coccolithophore with 
various condition of irradiances of illuminations for how they utilize coccoliths. 
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5. Fluorescence of microalgae increasing by effective irradiance with  
suspension of microcrystal 
 
5.1 Introduction 
5.1.1  Activities of microalgae  
Recently, microalgae have been attracting a lot of interest as a biofuel 
synthesizers [1-3]. Some spices of microalgae generated raw materials of biofuel such as 
fatty acid methyl ester (FAME), which is utilized for bio-diesel [4]. Many research 
institutes containing companies attempt to industrially put into practical use of 
biogenic fuel [5,6]. Most of microalgae cells carry out photosynthesis for obtaining 
hydrocarbon molecule such as sucrose from carbon-dioxide and water, which are used to 
grow themselves [7, 8]. And as a metabolic byproducts of photosynthesis, origin of bio 
fuels, as Triglyceride (TAG), are generated [9, 10]. These microalgae have been widely 
researched in the field of biogenetic engineering to obtain biofuel with high efficiency 
[3,11]. Many studies about genetic manipulation of microalgae are reported. On the 
other hand, discoveries of new species of microalgae which are has high efficiency of 
ability of bio-fuel producing were also reported such as Aurantiochytrium [12].  
Present study, we aim to investigate the effect of floating microcrystals on 
microalgae in aqueous. Coccoliths, which is detached from cell body of coccolithophore, 
is one of the microcrystals floating in ocean, which occur anisotropic light reflection. 
Optical properties of microcrystals which show directional anisotropy of light reflection 
are investigated, as described in chapter 2, microcrystalline cellulose, and 3, isolated 
hetero-coccolith, of this thesis [13, 14]. Past works, reported by Iwsaka’s laboratory, 
discovered that, enhancement and quenching of the light reflection from micro crystal 
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in water aqueous were easily controlled by using magnetic orientation. The 
demonstrations of switching of light reflection by guanine crystal plates from fish scale, 
which has the crystal plane with very high reflectivity, expressed the most impressible 
effect [15]. The mechanisms of the quenching have been considered by diamagnetic 
orientations of the guanine crystals, which were discovered by microscopic observations 
of the floating crystal plates in water suspensions and analyzed, by M. iwasaka, and Y. 
Mizukawa 2013, [16]. And the correlation of intensity of reflected light and magnetically 
controlled incident angle of illumination was revealed by M. Iwasaka, Y. Mizukawa, and 
Y. Miyahsita 2014 [17]. Latest report of magnetically modulation of light reflections by 
suspension of guanine microcrystals achieved to control the optic fields in aqueous.  
 
So, we consider that microcrystals, which are similar to guanine crystal plates, 
are helpful to simply understand the effect of microcrystals on microalgae. Because it 
were utilized as micro mirror like particles which could be remotely controlled their 
alignment by applying sub-Tesla order magnetic field. 
To consider the effects of light scattering of floating coccoliths, detached from 
coccolithophore, on the cellular activity of them in ocean, it was assumed effective for 
estimating the lghting efficiency from a illumination source to measure chlorophyll 
fluorescence in artificially controlled such environment. It is considerable that if there 
are micro particles, which reflect incident light, microalgae are supplied much amount 
of photon than that of without the particle condition. In experiments, we compared the 
intensities of chlorophyll fluorescence of microalgae of Pleurocrysis carterae, P. carterae, 
with and without micro crystal contained culture suspensions under in situ and in vivo 
conditions. 
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5.1.2 Chlorophyll fluorescence of microalgae 
Chlorophyll molecules are abundantly contained in thylakoid of chloroplasts, 
which is the organ of photosynthesis of plant cells. Plant cells carry out it for obtaining 
glucose, C6H12O6. Chlorophyll molecules play an important role in chemical reaction of 
photosynthetic system, which is described by H2O + CO2 + h→ (C6H12O6) + O2 [18]. 
Photosynthesis chemical reaction is divided into two kinds of photosystem, I and II [19- 
21]. Base structure of molecule of chlorophyll is a tetrapyrrole ring, binding phytol 
(phytyl group) or acrylic acid side chain at position of 17. Microalgae, especially 
coccolithopores, have chlorophyll a and chlorophyll c, as shown in Figure. 5.1 (a) and (b), 
respectively. Chlorophyll use the photon energy, wavelength of approximately 680nm, 
for photolysis of water in Photosystem II (PSII), H2O + h→ 2H+ + O2 [22]. And that 
of wavelength of 700nm is used for synthesis of nicotinamide adenine dinucleotide 
phosphate (NADPH), which is electron charrier in Calvin−Benson cycle [23]. 
When chlorophyll molecules are received photon energy by light illumination, 
the molecules are excited to singlet state, which is the most instability, intersystem 
crossing triplet state, which is metastable state [24]. 
 
Figure 5.1. Molecular structures of chlorophylls in microalgae. (a) and (b) are chlorophyll a and 
chlorophyll c, respectively. 
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Figure 5. 2. Fluorescence from P. carterae measured with in vivo condition, and absorbance of 
chlorophyll molecules extracted from P. carterae by using organic solvent of methanol and chloroform. 
In vivo fluorescence was induced by a laser beam ( 475 nm). (a) is photographs of observation of 
fluorescence in flask with and without long-pass optical filter. (b) is the spectra of absorbance (broken 
line) and fluorescence (blue line). 
 
In the chemical reactions of photosynthesis, surplus energy from excited 
singlet chlorophylls are released as fluorescence as shown in Figure 5. 2, which shows 
the fluorescence from P. carterae measured with in vivo condition. Figure 5.2 (a) is 
photographs of observation of fluorescence in flask without (upper) and with (bottom) 
long-pass optical filter. Figure 5.2 (b) is the spectrum of absorbance (broken line) and 
fluorescence (blue line). Absorbance of chlorophyll molecules were extracted from P. 
carterae by using organic solvent of methanol and chloroform. In vivo fluorescence was 
induced by a laser beam ( 475 nm). The absorption bands of chlorophyll are observed 
at  = 420–480 nm, called as B-band and 630–670 nm, called as Q-band). The spectrum 
of chlorophyll fluorescence has a large peak at approximately  = 685 nm. In past 
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studies, this fluorescence intensity was used to quantify the amount of chlorophyll in a 
cell to determine the activation degree of photosynthesis [25, 26]. 
In the present study, we attempt to control the intensity of fluorescence from 
chlorophyll of microalgae by adding optically unique micro crystals such as coccolith of 
microalgae. And we also used the guanine microcrystals as a comparison crystal, which 
was revealed that it is possible to magnetically control strongly light reflection. The 
purpose of adding micro microcrystals to microalgae culture suspension is to investigate 
with high sensitivity how much the alignment of floating micro crystals affect to the 
amounts of supplied photon to microalgae.  
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5. 2 Methods 
 In this work, microalgae cells of Pleurochrysis carterae (P. carterae), which 
migrates in marine water were we used for experiments. P. carterae is an Isochrysidales, 
from the phylum Haptophyta, which have chloroplasts from Phaeophyceae. Chloroplast 
of P. carterae is derived from red alga containing chlorophyll a and chlorophyll c [27]. P. 
carterae synthesize and equipped disk shaped scales, called coccolith which consists of 
CaCO3[28]. Optical characteristics of coccoliths which were isolated stare, detached 
from bell body, were investigated in Chapter 3 of this thesis. P. carterae cell were 
cultured with Epply’s medium in flasks. Culture environment was controlled by 
incubator, illuminated by a white fluorescent lamp with intensity of 45–87 mol.m−2.s−1 
for 16 h and then kept in the dark where condition of brightness was 2–4 mol.m−2.s−1 
for 8 h. The temperature was stabilized at 20 °C. And well grew microalgae samples 
that formed blooms in the culture flask were used in experiments. Optical microscopic 
image of P. carterae cell (×100) and scanning electron microscopic (SEM) image of a 
coccoliths (×40,000) of them are shown in Figure 5.3 (a) and (b), respectively.  
The measurement configuration for detecting the fluorescence of P. carterae 
cells with and without a magnetic field of 500 mT is described in Figure 5.4 (a) and (b). 
A blue laser beam (= 475 nm) generated by laser diode passed through an optical 
isolator was irradiated to culture suspension of P. carterae in quatz cell as an excitation 
source. A spectrum of this incident laser ( = 475 nm), which was used as excitation 
source, is shown in Figure 5.5. The intensity of the laser was 36 mol.m−2.s−1 at the 
sample position, which set at between the magnetic poles of the electromagnet. One end 
of bandwidth of the spectrum is approximately at 650 nm. So, bottom of this laser 
spectrum is shorter than 650 nm, where doesn’t conflict of a region of chlorophyll 
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fluorescence. Fluorescence intensities were detected by a optical fiber which connected 
to cooling CCD spectrometer. An optical quartz cell which was containing P. carterae 
culture solution was positioned between center of the magnetic poles of the 
electromagnet. Laser diode was used as excitation source with filtering by optical 
isolator, consist of a polarizer and quarter-wavelength plate, to prevent external 
feedback noise. CW laser beam (= 473 nm) was irradiated with an incident angle of 90°. 
The directions of two detecting axis, which were perpendicular, Direction 1 and parallel, 
Direction 2, to the direction of applied magnetic field were adopt. The density of P. 
carterae cells in the sample suspention was 1.47 × 106 /mL. 
 
 
Figure 5.3. Optical microscopic image of P. carterae and scanning electron microscopic (SEM) image of 
a coccoliths of them. (a) High magnificent (×100) optical microscopic image of P. carterae cell. (b) SEM 
image (×40,000) of a coccolith of P. carterae. 
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Figure 5.4 Experimental setup for in vivo spectroscopic measurements of fluorescence of P. carterae 
with or without applying 0.5-magnetic fields. (a) is the setup of measurement system. (b) is the 
photograph and schematic illustration of the sample unit and the configurations of each directions, 
incident axis of laser beam, detecting axis, and applied magnetic field.  
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Figure 5.5. The spectrum form of incident laser beam as an excitation source of fluorescence 
measurements. The wavelength band of this laser spectrum is shorter than 650 nm, where doesn’t 
conflict of a region of chlorophyll fluorescence. 
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5.3 Results 
5.3.1  Effectt of addition of microcrystals on microcalgae’s fluorescence 
At first, spectra of laser induced fluorescence (LIF) and absorbance were 
measured by the experimental system as shown in Figure 5. 2. which consists of 
fiber-connected spectrometer (Shamrock, Andor, Co., Ltd), a CCD optical detector 
(DV420A-OE, Andor, Co., Ltd). A large fluorescent peak were observed at near 
wavelength of 688 nm. By comparison of this spectrum form of detected signal with a 
past study by Stensby and Rosenberg, it was reconfirmed that LIF of P. carterae cells 
allowed detection of chlorophyll fluorescence through in vivo optical measurement [29]. 
Density dependences of intensity of the in vivo LIF of P. carterae were investigated as 
shown in Figure. 5.6. Spectra of the LIF and intensities at wavelength of 688 nm are 
described in Figure 4.3.1 (a) and (b), respectively. Cell densities of P. carterae in the 
culture suspension were changed from 1.99 × 106 / mL to 6.88 × 106 / mL. According to 
the result, it was cleared that peak intensities of LIF at wavelength of 688 nm had a 
relation of proportion with cell density. 
Subsequently, we examined the effects of coccoliths in the P. carterae culture 
suspension. The effects on cell were investigated by optical measurements of in vivo LIF 
of P. carterae’s chlorophyll. Figure 5.7 shows time course of intensity of in vivo LIF of P. 
carterae, with adding the isolated coccoliths. Figure 5.7 (a) is the schematic illustration 
of experiment. Condensed suspension of isolated occoliths were prepared. 400 L of 
condensed suspension of coccoliths were dropped into the quartz cell which contained 2 
mL of P. caterae culture suspension at when marked by down allows in Figure 5.7 (b). 
Densities of the culture suspension of P.carterae, number of cells per mL, and condensed 
suspension of isolated, detached from cell body, coccoliths were 1.23 × 108 / mL and 1.40 
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× 108 / mL, respectively. As a result, right after adding coccoliths, detected intensity of 
the LIF was sharply increased and gently stabilized to fixed value as shown in Figure. 
5.7 (b). Densities of isolated coccoliths in whole volume of culture suspension were 
changed from 2.8 × 106 / mL to 11.2 × 106 / mL. It was suggested that floating coccoliths 
in aqueous were positively work on the amounts of supply of incident light to the 
microalgae. Figure. 5.8 is the transmittances of suspension of isolated coccoliths, in 
absence of P. carterae cell. It was revealed that incident light of longer wavelength were 
more transmitted than that of shorter wavelength. So, back scattering was much 
enhanced at shorter wavelength in this measurement system, as similar to past studies 
reported by K. J. Voss, et. al 1998 and W. M. Balch, et. al. 1999 [30, 31].  
 
 
Figure 5. 6. Detected spectra of in vivo chlorophyll fluorescence of P. carterae and the peak intensities 
at wavelength of 688 nm which depended on cell densities. (a) Spectra of in vivo chlorophyll 
fluorescence of P. carterae with changing the cell densities from 1.99 × 106 / mL to 6.88 × 106 / mL. (b) 
Dependency of peak intensities of fluorescence at wavelength of 688 nm on the cell densities. 
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Figure. 5. 7. Time-course of fluorescence intensity measured from 90° with the direction of laser 
incidence. (a) Schematic illustration of in situ adding system of condensed suspension of coccoliths. (b) 
Spectroscopic result at wavelength of 670 nm, fluorescence peak from chlorophyll in chloroplast of 
microalgae were measured by in vivo condition. Densities of isolated coccoliths in whole volume of 
culture suspension were changed from 2.8 × 106 / mL to 11.2 × 106 / mL. 
 
 
 
 
 
Figure 5. 8. Optical transmittances of isolated, detachied from cell, coccoliths of Emiliania huxleyi 
floating in water aqueous. Densities of the suspension were changed from 0.31 × 106 / mL to 4.90 × 106 
/ mL. 
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Figure 5. 9. Correlations of detected intensities of in vivo chlorophyll fluorescence of P. carterae and 
densities of cell or added coccoliths. 
 
 
 Figure 5.9 shows correlations of detected intensities of in vivo chlorophyll 
fluorescence with both of P. carterae and densities of cell or added coccoliths. Peak 
intensities of LIF at wavelength of 688 nm had a relation of proportion with cell density 
in each densities of amount of coccoliths in culture suspension.  
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5.3.2  Effectt of aligned microcrystals on microcalgae’s fluorescence 
Correlations of configuration of coccoliths alignments and intensity of 
fluorescence of P. carterae were also investigated. When the magnetic field was 
switched on and off, it was confirmed in chapter 3 of this thesis that an intensity of 
scattered light, caused by contained coccoliths floating in the aqueous, were modulated 
with directional anisotropy. Figure 5.10 is the time-course of the intensity of LIF with or 
without magnetic field, which was measured by the experimental configuration, Figure. 
5.4 (b), of Direction 1. In this configuration incident laser illumination irradiated to both 
of the microalgae of P. carterae and isolated floating coccoliths. Increasing of intensity of 
the LIF was sharply occurred at right after the magnetic field ON, and gradually 
decreased to the level before the magnetic field was applied. These changes of the 
intensity LIF was similar to the changes of intensity of scattered light from suspension 
of coccoliths microcrystals in absence of P. carterae cells, which are analyzed in chapter 
3. Therefore, it was indicated that increasing and decreasing of detected LIF intensity 
were directly caused by effect of magnetic alignments and relaxation of floating 
coccoliths. However, it could be also cleared that effects on LIF intensity by magnetic 
orientation of coccoliths were much less than that of by addition of isolate coccoliths. 
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Figure 5.10. Change of intensity of of in vivo LIF of P. carterae culture suspension containing isolated 
coccoliths. Configuration of alignments and light reflection angle of floating coccoliths were controlled 
by applied magnetic field, and detected LIF intensity of P. carterae culture suspension was modulated, 
which was measured by the experimental configuration of Figure. 4.2.2 (b), of Direction 2. 
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5. 4 Conclusion 
 Increasing of the chlorophyll fluorescence from intracellular of P. carterae were 
detected by addition of isolated coccolith particles in culture suspension of them. It was 
also achieved controlling of inhibiting and enhancement of the fluorescence intensities 
under parallel and perpendicular to an applied magnetic field. During magnetic-field 
exposure of a suspension containing microcrystals and microalgae cells, detected 
intensities were changed. These changes of in vivo chlorophyll fluorescence of P. 
carterae were reversible and returned to their original state when the magnetic field 
was switched off. This behavior is the same as previous measurement of light scattering 
by crystal suspensions with and without an applied magnetic field in the absence of 
other materials. Therefore, diamagnetic orientation of the floating microcrystals under 
an applied magnetic field probably work as a local micro mirrors. This effect could be 
diamagnetically controlled because of the large anisotropy of the diamagnetic 
susceptibility of the microcrystals. These results suggest that microcrystals may be able 
to aid detection of weak biofluorescence by acting as bioproduced micromirrors with 
good biocompatibility. Additionally, we expect that microcrystals can be added to culture 
systems of microalgae to supply more incident light to promote photosynthesis. 
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6.  Conclusion and future plan 
6.1 Conclusions 
 In present study, coccolith 90° are investigated with controlling the direction of 
disk alignments in the water suspension. For achievement of measurement of micro 
particle of coccolith, diamagnetic orientation was utilized to prevent the randomly 
Brownian motion in water. This thesis explains the control of coccolith directions and 
characteristics of directivity of 90° light refflections of it within 5 section as follows.  
Background of this study, coccolith of microalge, especially previous studies 
about light reflection of coccolith and mentioned in Chapter 1. As a indeterminate 
problem, past study hadn’t concern the angle of light incidence. So, it have never been 
discussed about which plane in coccolith object are well or less reflecting the incident 
illumination. Principles of magnetics and magnetic torque and optical measurements of 
light reflection under the magnetic fields is explained in chapter 2.  
Due to the experimental results of chapter 3, diamagnetic orientation of 
coccoliths in water suspension were revealed. Additionally, theoretical analysis of 
comparison of diamagnetic anisotropic energy with thermal energy explain the 
mechanisms of this orientation. Chapter 4 is explanation of light scattering cross 
section. And it was also indicated that anisotropic light reflecting angles were depend 
on the bend of the disk surface of coccolith. Due to those data, it are a novel and first 
findings which investigated the correlation of coccolith shape and direction of light 
reflection.  
However, it haven’t been revealed yet how affect the optical effect of coccolith 
on the intracellular systems and activities. Therefore, it is necessary for understanding 
why coccolithophore obtained the coccoliths and equipping them that 
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6.2 Future plan 
 
Optical electric field at near field, vicinity reagion, of the coccolith is also 
important. In regards to the propagation of light at intracellular area are now in the 
middle of elucidation. For the purpose of investigating and expecting light propagations 
and distributions of optical electric field at intracellular area, we simulate 
electromagnetic field with spherical cell models of coccolithopore which were with or 
without coccoliths on the surface of their body. So we want to clear how the condensed 
light beams, PNJ, modulated by coccoliths as shown in Figure. 6.1. As a sample cell, 
Pleurocrysis carterae, P. carterae, was utilized to the microscopic observation and 
designing of FDTD model. P. carterae is the popular and one of most biologically studied 
spices of coccolithophore about both their coccolith and the intracellular structures [1]. 
 
 
Figure 6.1. Near field light propagations of single coccolith model which describe distributions of 
pointing vectors with normalization. Two kinds of wavelength,  = 400 nm was irradiated with 
incident angle of 0° to the disk plane. Left and right images with both wavelengths are before and after 
10-cyclic averaging processing.  
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Figure 6.2 was microscopic observations of chccolithopore, P. carterae, with 
blight field or dark field illuminations. The system for observing scattered light, green 
laser beam, from the microalgae was setup as in Figure. 6.2 (a). For detecting only 
scattered part of incident light by objective lens, laser illumination was irradiate with 
low elevation angle. Figure 6.2 (b)-(d) is phase-contrast microscopic photograph of P. 
carterae with bright and dark field illuminations (halogen lump) and scatter gram with 
distance as shown in Figure 6.2 (e). 
 
 
Figure 6.2. Microscopic observations of chccolithopore, P. carterae, with blight field or dark field 
illuminations. (a) A schematic image of the system. (b)-(d) Phase-contrast microscopic photograph of P. 
carterae with bright and dark field illuminations. (e) Transformed image of (c) for describe with 
detected brightness level. Bar is 10 m.  
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Figure 6.3. Microscopic observations of chccolithopore, P. carterae, with blight field or dark field 
illuminations. (a) A schematic image of the system. (b)-(d) Phase-contrast microscopic photograph of P. 
 
 
According to the distribution of bright ness level at intracellular region, it was 
suggested that strong scatterings were observed from near the surface at both incident 
side and opposite side of there. Indeed, Figure 6.3, which is results of FDTD simulation 
of spherical cell model, also suggested the distributions of optical field at near cell 
surface. However, it is unclear whether the strong scattering was come from surface of 
the coccolith disks or intracellular materials. Because the cell of P. carterae contains 
micro particles such as granular starch and lipid droplet. As a next study, simulation of 
intracellular area with strict model of coccolithophore containing organ.  
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